ABSTRACT Actin labeled with 5-iodoacetamidofluorescein has been incorporated into the functional pool of actin in Chaos carolinensis and Physarum polycephalum by direct microinjection. The functional activity of the labeled actin has been analyzed at three levels of organization as: (a) with the purified actin, (b) in motile extracts of cells, and (c) in living motile cells. The labeled actin exhibited normal polymerization and activated myosin ATPase to a similar extent as unlabeled controls. Labeled actin and endogenous actin were incorporated into contracted pellets to approximately the same extent in motile cell extracts. After labe ed actin had been microinjected into single C. carolinensis cells, the fluorescent actin spread into both the endoplasm and ectoplasm without forming distinct fibrils. In contrast, fluorescent bundles developed in the ectoplasm of P. polycephalum following microinjection of labeled actin. This experimental method in conjunction with fluorescence spectroscopic techniques could become a powerful tool for studying the intracellular distribution and structural changes of components in living cells. Until recently, the field of nonmuscle-cell motility has relied heavily on the techniques of electron microscopy and immunofluorescence microscopy. While valuable information has been obtained concerning the identification and localization of contractile and cytoskeletal proteins (1-7), the application of these techniques is limited by several important factors. First, electron microscopy and immunofluoresence techniques are static tools which are unable to follow the highly dynamic processes involved in cell motility, including the polymerization-depolymerization of proteins; and, second, neither technique yields any information about the microenvironment or conformation of the contractile and cytoskeletal proteins. Thus, the field of cell motility requires some new techniques that permit simultaneous localization and characterization of specific proteins in vivo as well as in vitro.
contracted pellets to approximately the same extent in motile cell extracts. After labe ed actin had been microinjected into single C. carolinensis cells, the fluorescent actin spread into both the endoplasm and ectoplasm without forming distinct fibrils. In contrast, fluorescent bundles developed in the ectoplasm of P. polycephalum following microinjection of labeled actin. This experimental method in conjunction with fluorescence spectroscopic techniques could become a powerful tool for studying the intracellular distribution and structural changes of components in living cells. Until recently, the field of nonmuscle-cell motility has relied heavily on the techniques of electron microscopy and immunofluorescence microscopy. While valuable information has been obtained concerning the identification and localization of contractile and cytoskeletal proteins (1) (2) (3) (4) (5) (6) (7) , the application of these techniques is limited by several important factors. First, electron microscopy and immunofluoresence techniques are static tools which are unable to follow the highly dynamic processes involved in cell motility, including the polymerization-depolymerization of proteins; and, second, neither technique yields any information about the microenvironment or conformation of the contractile and cytoskeletal proteins. Thus, the field of cell motility requires some new techniques that permit simultaneous localization and characterization of specific proteins in vivo as well as in vitro. Fluorescent probes have been used as reporter groups of the conformation and activities of biological molecules in vitro. Fluorescent parameters such as lifetime of excited state, quantum yield, excitation spectra, emission spectra, and polarization reflect various properties of the microenvironment of the fluorophores, thus the structure and activities of a fluorescently labeled molecule can be inferred (8, 9) . Fluorescence techniques have been applied in vitro to investigate interactions of specific contractile proteins, such as actin polymerization (10, 11) , actin-myosin interactions (12) , and actin-tropomyosin interactions (13) .
Because of the great sensitivity of fluorescence techniques, it should be possible to apply fluorescence spectroscopy at the single cell level. During the past few years, the methods and experience gained by various applications of fluorescence
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. (20) . Physarum microplasmodia and Chaos were starved for 2 days before use by placing them in nutrient-free media. Dictyostelium were harvested during the logarithmic growth phase (21, 22 Single cell amoeba models were prepared as described earlier (19) , as were single cell microinjections (24) . The ratio of intracellular labeled actin to unlabeled endogenous actin was adjusted to ca 0.1 by controlling the volume and actin concentration injected into the cells (24) . The fluorescein isothiocyanate-labeled bovine serum albumin was injected so the fluorescence intensity was approximately equivalent to that of labeled actin.
858
Cell Biology: Taylor and Wang Protein Labeling. Actin was purified to electrophoretic homogeneity from rabbit psoas muscle (25) . F-actin (3.0-5.0 mg/ml) was labeled with 5-iodoacetamidofluorescein (5IAF, Molecular Probes, Inc., Roseville, MN) at an initial dye-toprotein molar ratio of 100:1. The dye exhibited a single spot on silica gels with acetone and methanol (1:1, vol/vol) as the solvent. The actin was labeled for 1 hr at 200 in a buffer containing 50 mM Tris-HCl, 100 mM KCl, 0.2 mM CaCl2, 2.0 mM MgClà t pH 8.0-8.6. The reactants were subsequently saturated with a molar excess of cysteine, followed by the depolymerization of actin, and desalted on a Sephadex G-25 column. The actin was cycled from F-actin to G-actin twice and the final protein concentration was determined by the Lowry procedure with bovine serum albumin as the standard (26) . The dye-to-protein ratio was calculated as 0. (27) . The free dye was removed by gel filtration (27) and subsequent dialysis, resulting in a final dye-to-protein ratio of 2.0. The labeled albumin was subsequently treated exactly like the actin.
Some control experiments were performed with denatured labeled actin that was prepared by a 3-day dialysis of the labeled actin against 2 (28) .
RESULTS
Properties of Labeled Actin. The labeled actin exhibited an absorption peak wavelength at 495 nm and an emission peak wavelength at 521 nm (Y. L. Wang and D. L. Taylor, unpublished data). The polymerizability and extent of activation of myosin ATPase has been compared between labeled actin and unlabeled controls. The reduced viscosity of unlabeled actin was 5.6 dl/g, while the labeled actin possessed 87% of the control viscosity (4.9 dl/g) after 2 hr of polymerization. Both the unlabeled and labeled actins activated the myosin ATPase up to 13-fold.
Motile Extracts. The birefringent contracted pellets exhibited fluorescence only when functional labeled actin was present before the contractions were induced (Fig. 1 a and b) . In contrast, both denatured labeled actin and labeled albumin were excluded from the birefringent contracted pellets and the pellets exhibited no fluorescence. The labeled actin apparently copolymerized with the endogenous actin in the extract, because the labeled actin was observed in the contracted pellets even when the labeled actin concentration was 0.05 mg/ml.
The labeled actin or BSA was added to the extract before or after induction of contractions. The absorbances of the contraction supernatants at 495 nm were compared to determine the amount of labeled protein incorporated into the contracted pellets. Between 19 and 20% of the functional labeled actin was incorporated into the pellet, while only 1-3% of either labeled albumin or denatured actin was present in the pellet. The contracted pellets also contained 20-23% of the endogenous D. discoideum actin as determined by gel scans using procedures described previously (22) .
Single-Cell Models. Functional labeled actin was demonstrated to be part of the cellular actin pool by two control experiments with motile model systems of amoeboid movement: (a) "Flare streaming" models (which are single-cell motile models) were prepared by mechanically removing the plasmalemma (19) . In the presence of a threshold contraction solution the disrupted cells exhibited fluorescence in streaming loops of cytoplasm when the cells were preloaded with functional labeled actin. Furthermore, the emptied plasmalemmas (23) exhibited strong fluorescence, which indicated that the labeled actin also became associated with the actin in the ec- toplasm-membrane complex (23) . In contrast, flare models prepared from cells preloaded with denatured labeled actin or labeled albumin exhibited no fluorescence in the flare loops. In fact, these nonfunctional labeled proteins diffused rapidly into the surrounding medium after rupturing the plasmalemma. (b) Single specimens of Chaos were injected with equal volumes of functional actin labeled with 5-IAF and albumin labeled with RITC. These double-labeled cells were subsequently microinjected with a contraction solution that induced the formation of a transient contracted "knot" (24) . These contracted cells were scanned with the photometer system, first measuring the relative fluorescence of labeled actin and then RITC-labeled albumin. Fig. 2 (24) when the relaxation solution was used as the carrier. However, the cells recovered slowly when other solutions were used (19, 23) . Fluorescent vesicles formed in the cytoplasm following microinjection, particularly if the calcium ion concentration of the carrier solution was above ca. 1 tiM.
All observations were terminated if more than 10 fluorescent vesicles formed. Small fluorescent knots formed in the cytoplasm at the site of microinjection only when functional actin was injected. These fluorescent regions usually dispersed within 10-15 min after injection.
The fluorescence intensity of functional labeled actin appeared to be relatively uniform in the endoplasm and ectoplasm of the amoeba C. carolinensis. No discrete birefringent and/or fluorescent bundles were detected (29) . Interestingly, several amoebae exhibited fluorescent "rods" forming the core of microspikes in the tails or uroids. No fluorescence micrographs of amoebae were possible because the cells moved too fast for the required time of exposure. Physarum exhibited differences from Chaos both in response to microinjection and in patterns of fluorescence of labeled actin. Physarum was much more susceptible to irreversible damage resulting from the injection than was Chaos, and the relaxation solution was required as a carrier for successful injections. Furthermore, no fluorescent vesicles were observed over a 2-hr period. The fluorescence intensity of functional labeled actin was uniform in the endoplasm but exhibited discrete fluorescent bundles in the ectoplasm 30 min following microinjection (Fig. 3) . The fluorescent bundles were most obvious along the long axis of the microplasmodia in the same regions where birefringent actin bundles have been detected (30) (31) (32) . In contrast, both the denatured labeled actin and laCell Biology: Taylor beled albumin showed uniform fluorescence in microplasmodia. Micrographs without excessive blurring were possible only in a few instances when gross movements were very small and the rate of streaming was temporarily low.
In order to determine the detectability of fluorescent actin bundles, actin paracrystals were prepared at various ratios of labeled to unlabeled actin. Actin paracrystals the same size or smaller than the actin bundles observed in living Physarum were readily detected by fluorescence even at ratios of labeled to unlabeled actin as low as 1:32. The birefringent, fluorescent paracrystals formed from a 1:16 ratio of labeled to unlabeled actins exhibited even more contrast than the fluorescent bundles in living Physarum when photographed under exactly the same conditions (Fig. 4 a and b) .
DISCUSSION
The molecular cytochemical method introduced in this paper must be treated with caution to minimize the possibility of artefacts. We believe that the following set of criteria should be used to evaluate these types of experiments: (a) purity and source of proteins, (b) specificity of labeling and separation of labeled proteins according to functional activity, (c) comparison of some functional activity of the labeled proteins with unlabeled controls, (d) investigation of the incorporation of labeled proteins in both cell-free extracts and intact cells, (e) incorporation of labeled proteins into cells in solutions with known effects on the cytoplasm, and (f) quantitative analysis of spectroscopic parameters performed only after the intracellular environmental effects are investigated.
The present experiments were performed with electrophoretically pure rabbit psoas muscle actin that was labeled with 5-4AF, which exhibits sulfhydryl group specificity. A homogenous population of labeled actins was prepared by repeated polymerization and depolymerization of the actin sample. Furthermore, it has been demonstrated that both the polymerizability and ability to activate myosin ATPase activity has been maintained.
The results with the cell extracts suggested that the labeled actin could at least copolymerize with the endogenous actin pool, because the labeled actin has been added to the extracts at final concentrations below the standard critical concentration (Fig. 1) . The association of functional labeled actin with the contracted pellets was specific because the controls (denatured actin and albumin) did not become incorporated into the contracted pellets. Furthermore, similar percentages of labeled actin and endogenous amoeba actin were concentrated in the contracted pellets, suggesting that the labeled actin was a good reporter of actin activity. It is not presently understood why only about 20% of the actin became part of the contracted pellets under the conditions used.
The two single-cell model experiments indicated that the functional labeled actin became part of the cellular actin pool, while the denatured actin or albumin diffused nonspecifically in the cells or cell models. The fluorescence intensity in the intracellular contracted knots (Fig. 2) further indicated the ability of labeled actin to participate in intracellular contractions and become incorporated into actin filaments.
The absence of discrete fluorescence bundles in C. carolinensis is consistent with the diffuse pattern of birefringence detected (31) . The fact that contractions can be induced in any region of the endoplasm or ectoplasm in intact cells (24) is also consistent with our present observations on the distribution of actin. The presence of fluorescent microspikes in some amoebae is interesting, but requires further investigation.
The appearance of discrete fluorescent bundles that matched the birefringent bundles in intact microplasmodia of Physarum indicated that the labeled actin could be incorporated into normal structures containing actin. The endogenous bundles of actin are oriented both parallel to the long axis and circularly around the plasmodium in the ectoplasm (31) . In accordance with the observations of Nakajima and Allen (31), large bundles were detected in regions of relatively low streaming velocity. However, no distinct circularly arranged birefringent and/or fluorescent bundles were detected in the microplasmodia under the conditions used. It was significant that the birefringent fibers developed in the injected cells only about 30 min after injection. Thus, the labeled actin appeared to require a "cycling" time in the microplasmodia.
The fluorescence intensity of the paracrystals formed from a 1:16 ratio of labeled to unlabeled actin was even greater than the fluorescence intensity of the bundles in Physarum. These results indicated that actin bundles could be readily detected when labeled actin was diluted by more than an order of magnitude. Therefore, the fluorescent bundles in Physarum could represent the copolymerization and aggregation of endogenous Physarum actin with the exogenous labeled actin. Furthermore, the absence of fluorescent bundles in Chaos, where they are not expected, supports the suggestion that the fluorescent bundles observed in Physarum are not artefactual.
The initial results with Chaos and Physarum suggest that actin as well as other contractile and cytoskeletal proteins can be incorporated into nonmuscle cells. The future development of molecular cytochemical methods will include spectroscopic measurements of protein interactions in vivo as well as in vitro.
